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Abstract. Production of single neutrinos as well as neutrino-antineutrino pairs by photons 
interacting with pseudo Nambu-Goldstone bosons is studied within the Standard Model. The 
corresponding cross sections are found analytically. The energy loss due to neutrino emission 
in a thermal plasma of photons and pions (kaons) is calculated and some related implications 
for astrophysics are discussed. It is shown that the obtained neutrino emissivities may be 
significantly enhanced in dense matter due to in-medium modification of the total pion decay 
width. 
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1 Introduction 

Nambu-Goldstone bosons (often referred to as Goldstone bosons) appear necessarily in quan- 
tum field theories with spontaneously broken global continuous symmetries [1-3]. The bosons 
remain massless provided the symmetries are exact, acquiring masses only in the case of ap- 
proximate symmetries. In the latter case they are called pseudo Nambu-Goldstone bosons 
(pNGB). 

In nature, pNGB manifest themselves as the lightest pseudoscalar mesons from the 
SU(3) flavor octet - the pions [2, 4, 5]. This happens due to the spontaneous chiral symmetry 
braking in quantum chromodynamics. The kaons may also be identified as pNGB [6]. 

PNGb modes appearing in dense matter formed inside astrophysical objects, such as 
core collapse supernovae and compact stars, could make a dramatic impact on the stellar 
thermal evolution. In 1965 Bahcall and Wolf demonstrated that a neutron star containing 
free pions in its interiors would cool much faster through neutrino emission in comparison with 
the conventional mechanisms - the modified Urea and bremsstrahlung neutrino processes [7]. 
Since then, the role of PNGb modes for compact star cooling attracts much attention [8-13]. 

In this paper production of neutrinos in interactions of photons with PNGb is studied 
within the Standard Model. Specifically, the neutrino emissivities of a star through the 
processes + tt^ — )■ v + i', 7 + {'it~^,K~^) — )• + Ug and 7 -|- {7r~^,K~^) — )■ /x"^ -|- are 
calculated. 



2 Neutrino— antineutrino pair photoproduction on neutral pNGB 

The Standard Model accommodates the following interaction [14-17]: 

-f + TT^^Ul + Ul, (2.1) 

represented by the Feynman diagram in figure 1 (Z = e,/i, r). 
The corresponding matrix element is [14, 15, 17] 

M = -^£^Fye^n(yj7a(l - l5)v{pu)e^"^\pPnX. (2.2) 
V2m7r 

Here e is the elementary electric charge, Gp is the Fermi coupling constant, denotes 

the photon polarization vector, p^^, p^, p'^^ and q are the four- momenta of vr'', the final 
neutrinos and 7, respectively, Fy is the pion vector form factor. 
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Squaring (2.2) yields 

Y,\M\' = '^\Fy\^s{t^ + u^), (2.3) 

spins 

where a is the fine structure constant, s = {p-,^ + 9)^, t = {p^^ — Pv)"^ and u = (p^ — Pu)^ 
are the Mandelstam variables. 

After the standard algebra one obtains the cross section of (2.1) for each neutrino flavor: 

Details of similar calculations can be found in [17]. Note that though the formfactor 
depends, in general, on the momentum transfer t, in the present analysis it is taken to be 
constant since we deal with reactions proceeding at conditions comparable to the case of the 
decay Tre2^ {t ^ i^l) [18]. 

Consider matter containing photons and pions. If thermal equilibrium takes place at 
temperature T and the medium is transparent to the outgoing neutrinos (i.e. there is no Pauli 
blocking for the final state particles), the energy loss rate per unit volume due to emission of 
neutrinos of flavor I (the emissivity) via the reaction (2.1) is given by 

^'^ = jirl [exp(',/r)-i] [exp('!!/r)-i]^"- + ^'-'^ 

where uj^ and are the photon and pion energies, respectively, and are their 
three-momenta, Vr is the relative velocity 



(2.6) 



The pion vector form factor, Fv^ is related via the Conserved Vector Current hypothe- 
sis (CVC) to the 7r° 77 decay width T^o^^^ by [19, 20] 



>77 

Let us rewrite the cross section (2.4) by invoking the CVC: 



q2 

^ -T^o^^^{m\ + 2ijj^ui^Vr) u)^uj.,,Vr., (2.8) 



Note that s = + ^uj^lOt^Vy. 

Calculation of the momentum space integrals in (2.5) taking into account (2.6) and (2.8) 

gives 

where 



X(m^, T) = / d^^ (\r^l, [2520C(5)r(12^^ - 2mlul - m^)- 

-Tr'^uj^iSOTT^mlT^ - 4ujl{7ml + AOtt^T^) + 7ml)] , (2-10) 
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Figure 1. Feynman diagram for the process ^tt'^ — >■ vivi. 





Figure 3. The energy loss rate due to emission of neutrinos of flavor I (the emissivity) via the 
reaction 777*^ — vivi as a function of the pion mass. 



is the Riemann zeta-function (C(5) = 1.037). 

The temperature dependence of the emissivity Q^p at three fixed values of the pion 
mass is depicted in figure 2. Figure 3 shows Qyp as a function of m.,^. The total energy 
loss can be easily found just by multiplying Qj^p by the number of neutrino fiavors. 

Note that everywhere in the calculations presented in figures 2 and 3 the vacuum value of 
T^a^^^ is used. Meanwhile, the pion decay width in the medium may be orders of magnitude 
larger than in vacuum [21]. The width at appropriate pion energies and momenta grows 
up to tens of MeV with the density [11] leading thus, according to (2.9), to a significant 
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(a) 




(c) 



Figure 4. Feynnian diagrams for the process 77r+ l^vi {I ~ e, fi). 

enhancement of the neutrino emissivity as well. 

3 Single neutrino photoproduction on charged pNGB 

Photons are also able to produce single neutrinos on charged pNGB: 

7 + 7r+ /+ + ui, 

where I = e, fi. 

The Feynman diagrams contributing to (3.1) are shown in figure 4. 
The corresponding matrix element is [22, 23] 



(3.1) 



M=Ma+Mh + Mc 



with 



(3.2) 



Ma + Mb = -ie^=VudfTTmi£tiu{py){l + 75, , 

V2 \P-K -q ^pi-q 



v{pi), (3.3) 



Mc = ie--j=Vud£tiu{pu)ja{'i^ - lb)v{pi) X 



Fa 



(-5^>. 



(3.4) 



where Vud is the Cabibbo-Kobayashi-Maskawa matrix element, is the pion decay 
constant, is the pion axial-vector form factor. 

Let us restrict ourselves to a consideration of the single electron neutrino photopro- 
duction: 77r"'" — e'^i'e- In this case, unless the in-medium mass of the pion becomes very 
small, tjItj w irie, one can safely neglect the contributions of the diagrams (a) and (b) for 
they are helicity suppressed being proportional to rrie exactly as in the decay tt~^ — )• e^fg (see 
eq. (3.3)). 

Then, keeping only the contribution of the diagram (c), which is free of the helicity 
suppression, and squaring (3.2) yields 



anG, 



mt 



■\Vud?s {t'\Fv + FaP + u^\Fv - Fa?] 



(3.5) 



spins 
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so that the corresponding cross section reads 



2iml 



\Vu,\mFy\' + \FA\')s'^l-^y (3.6) 

Making the same assumptions as in section 2 one arrives at the following relation con- 
necting Q^p with the neutrino emissivity through the process j7r~^ — )• e'^i'e (denoted by Qu)- 



2' V \Fv\' 

In (3.7) the factor 1/2 takes into account the fact that the neutrino in the reaction 
'jTT'^ — )• e^Ve carries away only a half of the total energy. Numerically, at the vacuum values 
iKdP = 0.9482, Fv = 0.0272 and Fa = 0.0112 [18], (3.7) gives Q^/Q^p = 0.5544. 

Since the absolute square of the matrix element for the process (3.1) including the 
contributions of the diagrams (a) and (b) may be useful for similar calculations, its full form 
is given in the appendix A. 



4 Conclusions 



Photoproduction of neutrino-antineutrino pairs as well as single neutrinos in the reactions 
^TT^ — )■ I'li'i, 77r"'~ — )• are studied within the Standard Model. The corresponding cross 
sections are calculated analytically. All the results of this paper concerning the neutrino 
photoproduction on charged pions directly applies to the case of the charged kaon target. 
One has just to perform replacements of the appropriate parameters in the formulae (namely 

m-vr rUK, Vud Vus, fn Ik, Fy^A F^j^). 

These reactions may play a role in thermal evolution of astrophysical objects containing 
pseudoscalar excitations such as supernovae and compact stars. The energy loss due to 
neutrino emission in a thermal plasma of photons and pions (kaons) is calculated. It is shown 
that the neutrino emissivity turns out to be proportional to the total pion decay width. The 
latter at appropriate pion energies and momenta may grow up to tens of MeV with the density 
leading thus to a significant enhancement of the neutrino emissivity as well. 

The analysis of this paper is also closely related to the problem of pion (kaon) stability 
in hot media. For example, it is notable that the reaction ^tt^ — )• uivi mimics the decay 
■K^ —7- uiui but in difference from the latter may proceed even at rriu = and with considerable 
probability. In other words, the corresponding cross section does not vanish in the limit of 
massless neutrinos and observation of neutrino-antineutrino pairs does not therefore require 
the assumption of Lorentz invariance violation. 

The results of the presented analysis of the reactions 7(7r~^, K'^) — )• I'^vi will be exactly 
the same for 7(vr~, K~) — )• l^i>i if CP is conserved. 
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A The matrix element squared 

The absolute square of the matrix element for the process (3.1) represented by the Feynman 
diagrams in figure 4: 



^ \Ma + Mb + Mc\^ = anGllVudl 



2x 



spins 

2 f fA^mfml - mf{2mi + {s - mlf + 2st) + t(rn% + s^)) 
Re{{Fy + FAY\{rn]ml - st) - Re[{Fv - FAY]{{ml - mf){s - ml) + su) 



m-n-it — mf){s — m^) ' ~^ 

+-K {\Fv + FAWmf - t){mfml - st) - \Fv - F^|2^x(mf (s - ml) - su)) \ . (A.l) 
m^ J 

One can see that (A.l) in the limit = is reduced to (3.5). 
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